Diabetes mellitus is one of the oldest disorders that is rapidly emerging as a global health problem. Soy genistein is a legume that has numerous health benefits. This work aimed to study the effect of different doses of genistein on histological, immunohistochemical and morphometrical changes in ␤-cells of streptozotocin (STZ)-induced diabetic rats and to correlate these effects with plasma glucose and insulin levels. Fifty adult male rats were divided into five equal groups. Group I served as a control. Group II received genistein. Group III comprised STZ-induced diabetic rats. Group IV diabetic animals treated with low dosage genistein. Group V diabetic animals treated with high dosage genistein. Genistein was given for 4 weeks after STZ injection. Rats were sacrificed and pancreatic specimens were taken for light and electron microscopic examination. Blood samples were collected for detection of serum glucose and insulin levels. After diabetic induction, the islets appeared shrunken with cytoplasmic vacuolation of their cells and negative insulin immunoreaction. Ultrastructurally, ␤-cells showed darkly stained nuclei with marked loss of granules. Morphometrically, significant loss of ␤-cells was detected. The serum insulin level was decreased with elevation in the serum glucose. High-dose but not low-dose genistein improved the morphology of islets with increased insulin immunoreaction. Genistein also significantly decreased ␤-cells loss and improved glucose and insulin levels. In conclusion, genistein has a protective effect on pancreatic ␤-cells damage, possesses the ability to regenerate ␤-cells and improves serum levels of insulin and glucose in STZ-induced diabetic rats in a dosage-dependent manner.
Introduction
Diabetes mellitus (DM) is one of the oldest diseases that is rapidly emerging as a global health problem [1] . It is a metabolic state of hyperglycemia resulting from insulin deficiency, insulin resistance or both [2] . World Health involved in the progression of DM, oxidative stress plays important role in etiology of DM and related complications [8] . Persistent hyperglycemia is responsible for increasing formation of free radicals, autooxidation of glucose and lipid peroxidation as well as disturbance of the antioxidant defense system. The resultant free radicals bring about intracellular oxidative stress [9] .
The streptozotocin (STZ) is the most commonly used agent for experimental animals to produce type 1 diabetes by selective damage of pancreatic ␤-cells. The STZ enters the ␤-cells via glucose transporter and causes DNA damage [10] .
In humans, islets constitute nearly 1-2% of pancreatic tissue and insulin-secreting ␤-cells represent up to 80% of cells in islets that have the ability to proliferate in both physiological and pathological conditions [11, 12] . The balance between transdifferentiation (differentiation of other cell types into ␤-cells) and neogenesis (differentiation of precursor cells into ␤-cells) and proliferation of preexisting ␤-cells are important factors for controlling the mass of ␤-cells [13] .
Based on recent advances, disturbance of regulation of ␤-cell growth and function are central to the development of two types of diabetes. Hence, many studies are underway to find new effective agents that can increase or preserve islet ␤-cell mass and function, providing a plane to lower the burden of morbidity from DM and its complications [13, 14] .
Genistein, a naturally occurring soy isoflavone is a flavonoid in legumes and some herbal medicines [15] . It has numerous health effects [16, 17] and its intake is considered safe and nontoxic following pharmacological administration in rats [18] and humans [19] . Previous studies have reported the potential roles of genistein on prevention of hormone-related disorders such as breast cancer, cardiovascular diseases, osteoporosis and chronic renal disease [20] [21] [22] [23] .
Recent studies have reported that administration of isoflavone reduced the elevated blood glucose level in diabetic animals [24, 25] and postmenopausal women [26] . Genistein has been extensively reported as a compound with many functions through improving the antioxidant defense system and anti-inflammation response [23, 27] . However, the studies of the effect of genistein by itself on morphology of pancreatic ␤-cells in diabetic animals are very limited.
Based on these, we demonstrated in the current study the possible protective effect of different doses of soy isoflavone genistein on histological, immunohistochemical and morphometrical changes in pancreatic ␤-cells of STZ-induced diabetic rats and correlated these effects with plasma glucose and insulin levels.
Materials and methods

Chemicals
STZ and genistein were obtained from Sigma Chemical Company (St. Louis, Missouri, USA).
STZ was freshly dissolved in 5 mmol/l citrate buffer, pH 4.5 and given intraperitonium (single injection, 60 mg/kg) [28] . Each 100 mg of genistein was dissolved in 10 ml distilled water (10 mg/ml) and given orally by gastric tube. The doses were adjusted on the basis of a previous work [29] .
Animals
Fifty adult male albino rats with body weights of 150-210 g each, at the beginning of experiment were used in the current study. The animals were fed on a standard laboratory food and water ad libitum. They were kept under standard conditions of temperature and humidity. All animal experiments received approval from the ethical committee of Tanta Faculty of Medicine.
Experiment design
Rats were classified into 5 groups, 10 rats each. 
Induction of diabetes
Diabetes was induced with single intraperitonium injection of STZ, 60 mg/kg. To overcome the expected hypoglycemia, the animals were allowed to drink 5% glucose solution overnight. After 48 h, the diabetes was confirmed by measuring fasting blood glucose levels from a tail vein using an Ames One Touch Glucometer (LifeScan; Johnson and Johnson, New Brunswick, NJ, USA). Only animals with plasma glucose level above 200 mg/dL [28, 30] were chosen for the experiment. Treatment of diabetic rats with genistein (groups IV and V) started 1 week post STZ injection. Low dose probably reflects the daily genistein intake in soy enriched diet in human [31] . All rats were not treated with insulin throughout the study which lasted for 4 weeks after induction of diabetes.
Through the experiment, fluid intake was estimated and finally, the rats were weighed, fasted overnight without water deprivation and then sacrificed under ether inhalation. Histological, immunohistochemical, morphometrical and biochemical studies were conducted.
Histological and immunohistochemical study
Small pieces were obtained from pancreatic tail, fixed in 10% buffered formalin and processed for examination by light microscopy that were subjected to [32, 33] .
1-Hematoxylin and eosin (H&E).
2-Immunohistochemical staining for detection of insulin antibody using the avidin-biotin peroxidase system. Values are expressed as mean ± SD. a P < 0.001 as compared to control. b P < 0.001 as compared to diabetic.
The primary antibodies used were mouse monoclonal insulin antibodies (Medico Company, Egypt) at a dilution of 1:100 that incubated with slides for 1 h at room temperature. Then, the sections were counterstained with Meyer's hematoxylin.
For electron microscopy, thin slices of pancreas were fixed in 5% cold glutaraldehyde then washed three times with phosphate buffer (pH 7.2) and post fixed in cold osmium tetroxide for 2 h. Subsequently, the specimens were washed in buffer, dehydrated in a graded series of alcohol and embedded in Epon. Ultrathin sections (50-80 nm) were cut with ultramicrotome, collected on copper grids and stained with uranyl acetate and lead citrate to be examined [34] by (JEM-1010) transmission electron microscopy (TEM; Jeol, Tokyo, Japan) in Tanta University Electron Microscopy Unit.
Morphometrical study
The image analyzer computer system Leica Qwin 500 in the Central laboratory, Faculty of Medicine, Tanta University was used to evaluate: 1-Number of islets/each pancreatic section. 2-Diameter of the islets. 3-Number of ␤-cells/islet.
Examination was performed at different magnifications in the non-serial pancreatic sections using H&E. The ␤-cells were determined by direct counting method at 1000× magnification. The number of islets was quantified at these sections at 40× magnification. Data were then collected in an Excel sheet and submitted to statistical analysis [35] .
Biochemical study
Venous blood samples from all animals were collected in heparinized tubes and centrifuged at 3000 rpm for 15 min to separate plasma used for the determination of [36] : 1-Glucose levels by the glucose oxidase method (kit purchased from Stanbio laboratory, USA). 2-Insulin level by using an enzyme-linked immunosorbent assay, ELISA (kit purchased from DRG International Inc., California, USA).
Histogram 1.
Shows a significant reduction in body weights in group III in comparison with group I and a significant increase in group V compared to group III. Note nonsignificant affection of body weights in group IV comparing with group III.
Statistics
Statistical analysis were performed using SPSS program, version 17 (IBM Corporation, Somers, New York, USA) in the form of mean (X) ± standard deviation (SD). A one-way analysis of variance (ANOVA) was used for calculation of differences between the groups' means. P < 0.05 was considered statistically significant.
Results
Body weight and fluid intake
Alterations in body weights and fluid intake in control and experimental groups were shown in Table 1 and Histograms 1 and 2. No significant difference in these parameters in rats treated with genistein alone (group II) comparing with the control one (P > 0.05). After induction of diabetes (group III), significant loss of body weights and increased fluid intake were observed compared to control one (P < 0.001). Treatment with low dosage genistein Histogram 2. Shows a significant increase of fluid intake in group III compared to group I and a significant reduction in group V compared to group III. Note nonsignificant affection of fluid intake in group IV in comparison to group III. (group IV) did not significantly prevent these changes. However, high dosage genistein (group V) significantly increased body weights and reduced fluid intake as compared to diabetic group (P < 0.001).
Histological and immunohistochemical results
Control & genistein groups (groups I and II)
Pancreatic sections stained with H&E of control and genistein treated rats showed large, regular and well defined islets of Langerhans which represented the endocrine portion of pancreatic lobules. They appeared as pale staining areas surrounded by thin capsule of connective tissue scattered in between the exocrine parenchyma. The islets arranged in anastomosing branching cords with blood capillaries in between and consist of clusters of polygonal cells had pale acidophilic cytoplasm and central rounded vesicular nuclei ( Fig. 1) . Regarding the immunohistochemistry, areas of dark brown staining (strong positive) for insulin antibody were seen in islet ␤-cells cytoplasm which form the major cells population of the islets (Figs. 2 and 3).
Ultrastructurally, islet ␤-cells appeared oval or polygonal in shape with indistinct intercellular space had euchromatic rounded nuclei and contained many characteristic ␤ granules in their cytoplasm. An electron lucent halo space surrounded an electron dense core is characteristic feature of the granules. The mitochondria, rough endoplasmic reticulum (rER) and Golgi apparatus were observed among them (Figs. 4 and 5).
Diabetic group (group III)
Pancreatic sections stained with H&E of diabetic group showed few ill-defined islets of Langerhans. Marked histological alterations in the structure of the islets were observed. They appeared shrunken and distorted with marked loss of its cells and normal cellular cord arrangement. Many islets cells revealed marked cytoplasmic vacuolation and pyknotic nuclei and others showed a deeply acidophilic cytoplasm with large darkly stained nuclei (Figs. 6 and 7) .
Immunohistochemical reactions revealed marked reduction in immunoreactivity for insulin antibody inside islet ␤-cells and only a few ␤-cells displayed minimal insulin immunoreaction (Fig. 8) .
The electron micrographs of pancreas of diabetic rats showed remarkable changes in the islet ␤-cells, most of the cells exhibited marked loss of their granules in rarified cytoplasm leaving empty spaces or electron lucent areas. Their nuclei showed variable changes, some appeared dark electron dense and others showed marked peripheral aggregation of heterochromatin with irregular nuclear envelope. Golgi apparatus was obviously dilated and the mitochondria were vacuolated with loss of their cristae and matrix. Congested blood capillaries were also seen. ␤-granules of some cells appeared with increased electron lucent halo around small electron dense cores. Increasing number of empty granules and small mitochondria were also noted (Figs. 9 and 10).
Low dosage genistein treated group (group IV)
By H&E stain, sections of pancreas of diabetic rats treated with low dosage genistein showed the similar changes as those in group III, the islets were still shrunken and ill defined with marked disturbance of cells arrangement. Most cells appeared with marked cytoplasmic vacuolation and pyknotic nuclei (Figs. 11 and 12) .
Regardless, some islet ␤-cells displayed mild insulin immunopositivity, most of the cells were still negative for insulin immunoreactivity (Fig. 13) .
The electron micrographs confirmed the results shown by light microscope as no obvious improvement in the islet ␤-cells was observed. Most cells were still affected and appeared shrunken with heterochromatic nuclei and disrupted vacuolated cytoplasm that contained decreased amount of ␤ granules and destructed vacuolated mitochondria. Moreover, ␤ secretory granules in the cytoplasm of some cells appeared either empty or with increased halo spaces around less dense cores. Few cells appeared with intact mitochondria and normal characteristic ␤ granules (Figs. 14-16 ).
High dosage genistein treated group (group V)
H&E stained pancreatic sections of the diabetic rats treated with high dosage genistein, showed partial improvement in the histological structure of its islets which appeared more or less normal with an apparent increase in their size. Some of its cells showed minimal cytoplasmic vacuolation and pyknotic nuclei, while others were improved having central vesicular nuclei with pale acidophilic cytoplasm (Fig. 17) . Regarding the immunohistochemistry, different sizes of islets of pancreas were observed with increasing immunoreaction to insulin antibody in ␤-cells in comparison to diabetic group (Figs. 18 and 19) .
Ultrastructurally, ␤-islet cells appeared containing euchromatic nuclei with clumps of heterochromatin and an increase in the number of ␤ granules, there were of normal structure as control, having dense core surrounded by lucent halo space of different sizes. Numerous rounded and elongated electron dense mitochondria were observed throughout the cytoplasm as well as proliferating rER (Figs. 20 and 21) . However, some cells were still affected and had irregular shaped heterochromatic nuclei and ␤-granules with increased halo spaces. rER appeared dilated (Fig. 22) . Values are expressed as mean ± SD. a P < 0.001 as compared to control. b P < 0.001 as compared to diabetic. 
Morphometric results
Morphometric results (Table 2 and Histograms 3, 4 and 5) showed a significant reduction in the number of islets/pancreas, islet diameter and number of ␤-cells/islet in diabetic group (group III) compared to that of control one (P < 0.001). However, these parameters were significantly increased in high dosage genistein treated group (group V) (P < 0.001), but did not significantly change in rats treated with low dose of genistein (group IV) compared to diabetic group. Nonsignificant difference (P > 0.05) was observed in these parameters in genistein group (group II) in comparison to the control. Table 3 and Histograms 6 and 7 showed nonsignificant difference (P > 0.05) in plasma glucose and insulin levels of the control and genistein groups (groups I and II respectively). In comparison with previous groups, levels of fasting plasma glucose were significantly higher and insulin levels were significantly lower in diabetic group (group III) (P < 0.001). High dosage genistein treatment (group V) significantly decreased plasma glucose levels and significantly increased insulin levels (P < 0.001) as Values are expressed as mean ± SD. a P < 0.001 as compared to control. b P < 0.001 as compared to diabetic.
Biochemical results
Histogram 6. Shows a significant increased glucose level in group III in comparison to group I and a significant reduction in group V in comparison with group III. Note nonsignificant affection of glucose level in group IV comparing with group III.
compared with the diabetic group, but low dosage genistein treatment (group IV) did not significantly reduce plasma glucose levels as well as did not significantly increase insulin levels.
Discussion
Diabetes mellitus is one of the most common, dangerous, costly health problems in the twenty-first century. An increase in sedentary life-style, consumption of energyrich diet and obesity are some of the factors causing the rise Histogram 7. Shows a significant decreased insulin level in group III in comparison to group I and a significant increase in group V when compared to group III. Note nonsignificant affection of insulin level in group IV comparing with group III.
in the number of diabetics. Controlling hyperglycemia and oxidative stress inhibition have been suggested as important measures in the management of DM [35, 37] .
Soy isoflavone genistein may provide new, low cost, greater potential oral hypoglycemic compounds. Therefore, this study was done to investigate the effect of different doses of soy genistein on histological, immunohistochemical and morphometrical changes of pancreatic islets ␤-cells and correlate these effects with plasma glucose and insulin levels in diabetic rats.
In the current study, all results of genistein group (group II) were similar to the control one indicating safety and nontoxicity of genistein administration. These observations were consistent with results of previous researchers [38] who stated that, there is no any observed toxicity of genistein dosage up to 120 mg/kg/day in rats which is six times more than the highest dosage used in this work.
Experimental diabetes induced by STZ produced severe loss of body weights and an increase of fluid intake which generally occur in diabetes. Dehydration and catabolism of fats as well as proteins with increased catabolic reaction are major causes of these signs [3] .
Our study revealed that STZ altered islet morphology which appeared ill defined, damaged and shrunken with marked vacuolated cytoplasm and pyknotic nuclei in most of its endocrine cells in association with marked decrease in insulin antibody positivity in islet ␤-cells. These results are in agreement with those reported previously [39] [40] [41] .
Moreover, ultrastructural results revealed heterochromatic nuclei, decreased secretory granules, mitochondrial vacuolation and fragmentation as well as dilatation of the rER and Golgi apparatus and multiple vacuoles in the ␤-cells that in consistence with other investigators [41] . In addition, degranulation of most ␤-cells and increased halo spaces of granules of other cells were in conforming with the results of other studies [42, 43] who found similar ultrastructural changes in rat pancreatic ␤-cells induced by STZ.
Pancreatic ␤-cells toxicity induced by STZ has been investigated in several experimental models and is thought to be as a result of production of reactive oxygen species that led to lipid peroxidation and DNA damage [41] [42] [43] [44] .
As a result of increasing lipid peroxidation, lipidcontaining membranes as Golgi and rER membranes were dilated suggesting the observed cytoplasmic vacuolation of the islet cells seen in the present study. The observed vacuolated mitochondria led to disturbance of mechanism of antioxidation, explaining mitochondrial limited ability to overcome the oxidative stress in ␤-cells [10] .
The histological changes come hand by hand with morphometric results which showed a significant reduction in number of islets and islet diameter as well as number of ␤-cells/islet in diabetic group compared with the control one. In addition, these observations were consistent with the biochemical finding of a significant increase in serum glucose levels and a significant decrease in insulin secretion. These results were in agreement with previous studies [45, 46] that reported significant reduction in the numerical density of islets, volume of islets, and volume of ␤-cells in the untreated diabetic group of rats when compared with the control one. Previous studies [8, 47] reported the same changes in blood glucose and insulin levels in experimental diabetic animals.
The observed degeneration of the islet cells together with significant reduction in the numerical density of islets as well as the decrease in insulin antibody positivity in the diabetic animals, explained decreased insulin level noted in these animals. Consequently, the observed elevation of blood glucose level in this group may be the result of decreasing insulin level.
Diabetes has been shown to be a state of free radicals overproduction resulting from hyperglycemia. Factors that attributed to the formation of free radicals may include not only elevated non-enzymatic and autooxidative glycosylation, but also metabolic stress as a result of alterations in energy metabolism, inflammatory mediators levels and the status of antioxidant defense [41, 47] . The resultant decrease in both antioxidant capacity and insulin activity/sensitivity led to commonly observed diabetic complications [47, 48] .
Comparing with diabetic group, not low dosage treated genistein group (group VI), which corresponding to daily genistein intake after soy enriched diet in humans [31] but high dosage treated genistein group (group V) showed a significant increase in body weights accompanied by a significant decrease in fluid intake. These results were consistent with those of previous study in rats administered soybean seed 400 mg/kg [3] and in mice [49] who reported that soybean by its contents of high percentage of protein and isoflavone, increases metabolic processes in body.
In the present study, genistein causes dose-dependent amelioration of toxic effects of STZ on pancreatic ␤-cells. Low dosage genistein treated group (group IV) failed to improve the morphological changes in the islets as well as insulin immunoreactivity induced by STZ while, administration of high dosage genistein (group V) resulted in partial improvement of the islets and ␤-cells associated with increased insulin immunoreactivity.
These results have been supported by electron microscopic findings that revealed appearance of ␤ islets cells with euchromatic nuclei and retention of most ␤-cells to their normal structures with increasing number of normal ␤ granules, there were of normal structure as control in group V than those observed in group IV.
Studies on whether genistein by itself has an effect on diabetes are very limited and there have been no morphological studies to date examining the pancreatic ␤-cells ultrastructure in STZ-diabetic rats treated with isoflavone genistein.
Genistein has been reported to be protective agent for diabetes by regulation of oxidative stress and inflammation as it decreases lipid peroxidation, inhibits cyclooxygenase expression and myeloperoxidase activity as well as reacts with free radicals and neutralizes their effects [50, 51] . Other researchers stated that the efficiency of genistein as antioxidant is achieved only at high doses (ranging from 25 to 100 m) and it has not this property at physiological doses as its plasma level through diet intake is not more than 10 m in both humans and animals [52, 53] . The antioxidant effect of soy isoflavones protects cell membranes from damage and increases their stability, which contributes to the increased insulin sensitivity [54] .
Moreover, the observed morphometric results confirmed the histological one. In animals treated with low dose genistein (group IV), no significant changes in the number of islets and islet diameter as well as number of ␤-cells/islet were observed compared with the diabetic one. In contrast, high dosage genistein treatment (group V) was able to reduce STZ islet cells loss and showed significant increase in these parameters.
Accordingly, previous study [14] have shown that genistein is an antidiabetogenic agent through its effect on proliferation of ␤-cells and insulin secretion by glucose stimulation regardless of its efficiency as antioxidant, an estrogen receptor agonist and tyrosine kinase inhibition. In addition, other data have demonstrated that genistein can act as ␤-cells growth factor in vivo suggesting a novel mechanism for antidiabetic effect of this agent [53] . This regeneration of the ␤-cells is probably due to the fact that pancreas contains stable (quiescent) cells which have the capacity of regeneration [35] . Therefore, the surviving cells can proliferate to replace the lost cells.
Other researchers reported that teucrium polium crude extract is able of regeneration of islets of Langerhans and enhancing of insulin secretion [55] . In addition, glabridin has shown the same effects [45] .
Our data showed that genistein at high dose (group V) but not in low dose (group IV) can improve both glucose and insulin levels in rats with STZ induced islets damage. This was consistent with results of other researchers who have demonstrated marked improvement in blood glucose and insulin levels after genistein intake for diabetic animals [25, 53, 56] . Consistent with our observations, a previous study has demonstrated lowering in fasting blood glucose, increasing in plasma insulin and C-peptide and enhancement of insulin staining in the pancreatic islets of STZ-induced diabetic mice supplemented with genistein (200 mg/kg) diets for 9 weeks [57] .
The observed increased insulin level and decreased blood glucose concentration may be due to the amelioration of the histological structure of ␤-cells together with increased insulin immunoreactivity and significant increase in the numerical density of islets that retained the ability to synthesize and secrete insulin.
An increased number of mitochondria that were noted in cytoplasm of ␤-cells in group V may reflect compensatory adaptation to produce much energy in response of glucose stimulation to maintain glucose homeostasis for synthesis and secretion of insulin [58] .
In conclusion, the present study showed that genistein has a protective effect on pancreatic ␤-cells toxicity induced by STZ in a dose dependent manner. High dosage genistein possesses the ability to regenerate ␤-cells that results in increasing the lowered serum insulin and consequently decreasing high serum glucose in diabetic rats.
